ABSTRACT Population surveys of Culex pipiens quinquefasciatus carried out in 1991 and 1999 were compared with data collected in 1990 before the beginning of the control program against this mosquito. Larval samples collected in 1999 displayed resistance to the four tested insecticides: permethrin, propoxur, temephos, and chlorpyrifos. Temephos resistance ratio at LC 50 (RR 50 ) ranged between 8.1-and 42-fold compared with 2.9-and 4.6-fold in 1990, and chlorpyrifos RR 50 ranged between 8.6-and 123-fold compared with 6.4-and 19-fold in 1990. This increased resistance to organophosphorus insecticides was associated with a sharp decrease of susceptible genotypes at two loci (Ester and ace-1), as well as to an allele replacement at the Ester locus.
ON THE ISLAND OF MARTINIQUE, mosquito control against Culex pipiens quinquefasciatus (Say 1823) began in January 1991; decreasing mosquito nuisance was one of the measure for enhancing the participation of the island inhabitants in the Þght against Aedes aegypti, the vector of dengue. A few months before starting control (May 1990 ), a population survey was conducted for determining the resistance status of larval populations and for identifying existing resistance genes (Yé bakima et al. 1995) . This study showed an overall low resistance to the two organophosphorus insecticides (OP) to be used: temephos and chlorpyrifos. Indeed, two resistance genes, largely distributed in North America at the time (Georghiou 1992) , were observed: the overproduced esterases B1 and A2-B2 (with mean frequencies of 2 and 58%, respectively). The presence of two further resistance genes was also suspected: a new esterase of high activity (C2) and a propoxur-insensitive acetylcholinesterase (Yé bakima et al. 1995) . The presence of known resistance genes was taken as an indication that resistance would increase with time under constant insecticide control pressure. However, the rate of increase in resistance could not be predicted from available data. To assess this parameter, population surveys were conducted in 1991 and 1999. Their aim was (1) to investigate changes in resistance status and in the frequency of resistance genes and (2) to analyze the genetic structure of C. p. quinquefasciatus over Martinique.
Materials and Methods
Mosquitoes. Twenty-three samples were considered (Table 1) . Insects were collected at preimaginal stages, transported to the laboratory, and sorted by species. Larvae were either used for bioassays or reared under standard conditions to imago. One-to 2-d-old adults were deep-frozen in liquid nitrogen for biochemical analyses. Reference strains included the susceptible S-LAB (Georghiou et al. 1966 ) and three OP-resistant strains: SELAX (Wirth et al. 1990 ), EDIT (Guillemaud et al. 1999) , and MSE (Raymond et al. 1986) , carrying overproduced esterases A2-B2, B1, and an acetylcholinesterase (AChE) insensitive to propoxur inhibition, respectively.
Bioassays. Assays were performed as described by Raymond et al. (1986) , using ethanol solutions of ethyl-chlorpyrifos (99% [AI] ; Dow Chemical, Midland, MI), temephos (95% [AI] ; American Cyanamid, Princeton, NJ), permethrin (99% [AI]; Riedel de Haen, Seezle, Germany), and propoxur (99.9% [AI]; Bayer AG, Leverkusen, Germany). Chlorpyrifos, temephos, and permethrin bioassays included Þve doses and usually two replicates per dose on batches of 20 young fourth instars, in a total volume of 100 ml of water containing 1 ml of ethanol solution of the insecticide tested. Propoxur bioassays included at least two doses (1 and 100 mg/liter) and usually two replicates. Mortality was recorded after 24-h exposures, and data were analyzed using the PROBIT software of Raymond et al. (1993) .
Enzyme Polymorphism. The polymorphism of 10 enzymes was analyzed after separating the proteins of single adults by starch electrophoresis in TM 7.4 buffer systems and appropriate staining (Pasteur et al. ). Observed phenotypes and their corresponding genotypes are listed in Table 2 .
AChE polymorphism was analyzed on homogenates of adult heads as described by Bourguet et al. (1996a) .
On each homogenate, the increase in OD was measured over 5 min in the absence of propoxur (W1) and in the presence of 5 ϫ 10 Ϫ3 M (W2) propoxur, using a SpectraMax 250 (Molecular Devices). Two ace genes are present in C. pipiens: ace-1, involved in OP and carbamate resistance (Weill et al. 2002) , and ace-2 (Malcolm et al. 1998) , with a still unknown function. Three alleles have thus far been identiÞed: ace-1 S , coding the susceptible form that is completely inhibited in the presence of 5 ϫ 10 Ϫ3 M (W2), ace-1 R , coding the resistance form that is not affected by this propoxur concentration, and a duplicated allele ace-1 RS , carrying both ace-1 alleles (Bourguet et al. 1996b) . Because propoxur sensitivity of AChE in adult head homogenates is similar to that of mutant recombinant acetylcholinesterase-1 expressed in S2 Drosophila cells (Weill et al. 2003) , three ace-1 phenotypes ({S}, {R}, and {SR}) can be discriminated by examining the proportion of total AChE activity inhibited by 5 ϫ 10 Ϫ3 M propoxur in each mosquito head. Genotypes corresponding to the observed phenotypes are listed in Table 2 .
Data Analyses and Simulations. Statistical analyses of population genetic structure were performed using GENEPOP software, version 3.1d Rousset 1995a, Rousset and . Departures from Hardy-Weinberg expectations (HW) and genotypic differentiation at each locus and across loci were measured using the F estimators proposed by Weir and Cockerham (1984) . Conformity with HW was tested at each locus and across loci, using the exact U-score test of the alternative hypothesis of heterozygote deÞcits (Rousset and Raymond 1995) . Genotypic differentiation was tested by computing an unbiased estimate of the P of a log-likelihood (G)Ð based exact test (Goudet et al. 1996) . Genotypic associations between pairs of loci were analyzed using the probability test described by Raymond and Rousset (1995b) . For each pair of loci, global tests (Fisher method) were performed across all populations. Bonferroni procedure was used for taking into account multiple tests of signiÞcance (Hochberg 1988) . Isolation by distance was analyzed following Rousset (1997) , i.e., computing the relationship between pairwise estimates of F st /1 Ϫ F st and the logarithm of geographic distance. A possible positive relationship was tested with a Mantel test, using the Spearman rank correlation coefÞcient statistic.
A simple simulation of the evolution of the polymorphism at the Ester locus was done assuming (1) that C. p. quinquefasciatus is panmictic over Martinique and (2) that selection pressure was constant over time. Allelic frequencies of the Þrst generation were estimated using the maximum likelihood method included in GENEPOP after grouping data of 1990 samples. Genotype frequencies were computed at each generation, with different Þtness coefÞcients assigned to homozygous genotypes, and assuming that Þtness of each heterozygote was equal to the arithmetic mean of the Þtness of the corresponding homozygotes. Results were then compared with observations of pooled 1991 and 1999 samples.
Results
Genetic Structure of C. p. quinquefasciatus Populations in Martinique. A study of the polymorphisms of 12 genes coding enzymes that are not involved in insecticide resistance ("neutral" loci) was carried out on samples collected in 1999. Among these genes, four were monomorphic for the same allele and two showed a single heterozygote for a rare mutant. At the remaining six loci (Table 3) , there was no signiÞcant (P Ͼ 0.05) departure from panmixia (HW equilibrium) when considering each locus in each sample, each sample over all loci, and all samples over all loci. A single signiÞcant (P ϭ 0.04) heterozygote excess was observed (Mdh-3 locus) when considering each locus over all samples. Genotypic associations were examined within each sample and over all samples between pairs of "neutral" loci as well as between each "neutral" locus and Est-1 or Ester loci. None was signiÞcant when taking into account multiple tests (Bonferroni test, Hochberg 1988) .
The genetic differentiation was estimated by computing the F st parameters at each "neutral" locus over all samples and over all loci and all samples (Table 4) . The overall differentiation was low (F st ϭ 0.0067) but highly signiÞcant (P Ͻ 0.001). It was because of three loci: Hk, Pgm, and Mdh-3. Isolation by distance was studied following Rousset (1997) . There was no signiÞcant (P Ͼ 0.10) correlation between geographic distances and genetic differentiation (slope ϭ 0.006). Yé bakima et al. 1995) , because S-LAB dose-mortality data were not signiÞcantly different in 1999 and 1990 (P Ͼ 0.05). The dose-mortality responses were linear (P Ͼ 0.05) for all samples tested with chlorpyrifos, but displayed signiÞcant (P ϭ 0.03) deviation from linearity for temephos in samples 14 and 18. At LC 50, resistance to chlorpyrifos varied between 8.6-and 123-fold in 1999 compared with 6.4-and 19-fold in 1990; resistance to temephos varied between 8-and 42-fold in 1999 compared with 2.9-and 5.6-fold in 1990. Thus, all resistance ratios were higher in 1999 than in 1990 for temephos, while the 1999 resistance ratios partially overlapped those of 1990 for chlorpyrifos. For both insecticides, the increase in resistance ratio was Ͻ10-fold.
All samples collected in 1999 contained larvae that were resistant to the carbamate propoxur and survived 24-h exposures to 1 mg/liter propoxur, a dose inducing 100% mortality in the S-LAB strain (Table 5) . Propoxur mortality was compared (Spearman rank correlation) with mortality observed at the various chlorpyrifos and temephos doses tested on at least eight of the nine samples. No correlation was significant (P Ͼ 0.05) with chlorpyrifos, and a single correlation was signiÞcant (P Ͻ 0.05) with temephos (at 0.05 mg/liter; r ϭ 0.767). All samples collected in 1999 also were resistant to permethrin, and the resistance ratio varied between 9.7-and 2,800-fold at LC 50 (data not shown).
Insensitive AChE. Among the 260 mosquitoes tested from the 1999 samples, 143 were {S}, 116 {SR}, and 1 was {R} compared with 94 {S} and 1 {SR} in 1990 (Table 6 ). When considering the presence of two alleles (ace-1 R and ace-1 S ), an excess of {SR} phenotypes was observed in all 1999 samples (Ϫ0.113 Ն F is Ն Ϫ0.60). This excess was signiÞcant in sample 21 (P ϭ 0.001) and across samples (F is ϭ Ϫ0.26, P Ͻ 0.001), even when sample 21 was excluded from the analysis. This result indicates that the ace-1 RS allele may be present in Martinique populations. The frequency of {S} phenotype was signiÞcantly correlated to propoxur mortality (Spearman rank correlation, r ϭ 0.721, P Ͻ 0.05).
Overproduced Esterases. Phenotype distribution in samples collected in 1990, 1991, and 1999 are reported Table 6 . The changes that occurred between 1990 and 1999 are most easily appreciated by comparing data pooled over each year (bold characters in Table 6 ; Fig. 1 ). At the Est-1 locus, the overall frequency of {C2} mosquitoes did not vary between 1990 and 1991 (65 and 62%, respectively, P ϭ 0.81), but increased to 74% in 1999 (P Ͻ 0.001). At the Ester locus, the overall change in phenotype distribution was signiÞcant (P Ͻ 0.001) between 1990 and 1991 and included a decrease of {B0} from 40 to 30% (P ϭ 0.05) and an increase of {B2} from 58 to 67% (P ϭ 0.003) and {B1B2} from 0.2 to 2% (P ϭ 0.006). Between 1991 and 1999, the phenotype distribution at the Ester locus was profoundly modiÞed. Most noticeable was the strong decrease of {B0} from 30 to 3% (the 1999 samples 16, 18, and 21 showed no signiÞcance, P Ͼ 0.46, heterozygote deÞcits when considering absence of Ester 0 ). Decrease of {B0} was accompanied by a strong increase of Ester B1 allele, attested by the overall increase of {B1} and {B1B2} phenotypes (from 2 to 29% and from 1 to 21%, respectively).
Detailed analysis of the data set revealed considerable variations among samples collected in a same year. Genotypic differentiation among samples was signiÞcant (P Ͻ 0.001) at the Est-1 locus in the 1999 survey and at the Ester locus in 1990, 1991, and 1999 surveys, but no particular geographic pattern was observed ( Fig. 1 ). SigniÞcant (P Յ 0.05) phenotypic associations were observed between Est-1 and Ester loci in samples 5, 9, 13, 14, 16, 19, and 21. The pattern of this phenotypic association changed with time: in 1990 and 1991, {C2} was more frequent among {B0} insects, whereas in 1999, it was more frequent among {B2} than among {B1} and {B1B2} phenotypes. Polymorphism of esterase loci was examined in relation to resistance among 1999 samples by computing Spearman rank coefÞcients between the frequency of the different phenotypes and the mortality recorded at various insecticide doses (Table 7) . At the Est-1 locus, no signiÞcant correlation was observed between {C2} frequency and the mortality recorded with temephos, chlorpyrifos, or propoxur. At the Ester locus, correlations with chlorpyrifos, temephos, and propoxur mortalities were positive for {B2} and {B0} frequencies, negative for {B1} and {B1B2} frequencies, and signiÞcant (P Ͻ 0.05) at several chlorpyrifos and temephos doses (Table 7) . Thus, phenotypes containing the Ester B1 allele were associated with a higher OP resistance than those containing only Ester B2 .
Dynamics of Ester
B1 Relative to Ester
B2
. To better understand the evolutionary changes that occurred at the Ester locus, simple simulations were performed, considering (1) that C. p. quinquefasciatus is panmictic over the Martinique island, as indicated by the above analysis on genetic structure, and (2) (Fig. 2) . Namely, these Þtness values accounted for the simultaneous decrease of {B0} and increase of {B2} without noticeably changing other phenotypes during the Þrst 40 generations, as well as for a phenotype distribution close to that observed in 1999 between generations 185 and 190. The acceptability of these results was indirectly tested by estimating the duration of life cycle to obtain the 1999 phenotype distribution. It was 16 d, a value within the range observed in laboratory conditions. These simulations also showed that Ester B2 is now being replaced by Ester
B1
, which will remain the only resistant allele in 200 Ð300 more generations (i.e., another in 8 Ð12 yr from 1999) if the relative Þtness of phenotypes does not change. Notably, during the next 100 generations, the {B1B2} phenotype will be at its maximal frequency. This corresponds to a situation particularly favorable for the occurrence of intergenic recombinations between ampliÞed alleles, eventually leading to new composite allele(s) (Wirth et al. 1990 , Berticat et al. 2001b ).
Discussion
Our 1990 survey of C. p. quinquefasciatus from Martinique, a few months before initiating control, revealed that several resistance genes were already present (Yé bakima et al. 1995) . Assuming that resis- tance would increase as selection pressure became stronger was not a very innovative prediction. Indeed, there was a moderate overall (Ͻ10-fold) increase of resistance to temephos and chlorpyrifos, the two main insecticides. As expected, this increase was associated with a decrease of susceptible genotypes (from 40 to 2% at the Ester locus and from Ͼ99% to Ͻ50% at the ace-1 locus). Simultaneously, a replacement of resistance alleles occurred at the Ester locus. Both Ester B2 and Ester B1 resistance alleles were present before C. p. quinquefasciatus control began. We know that, in absence of insecticide, both alleles have a lower Þtness than the Ester 0 susceptible allele (Berticat et al. 2001a) , and the presence of Ester B2 in 67% of the 1990 samples was indicative of a signiÞcant insecticide selection pressure on the Ester gene (probably from the control of other pests such as Aedes aegypti or agricultural insects). During the 1990 Ð1999 period, the frequency of {B1} and {B1B2} phenotypes increased sharply (from 2 to 50%). Because these phenotypes seemed to be more resistant to both chlorpyrifos and temephos than {B2} phenotype, their increase may be the direct result of the selection pressure created by control aimed at the C. p. quinquefasciatus species. Simulations conÞrmed , and Ester B1 are represented in white, gray, and black, respectively. Allelic frequencies were computed by the maximum likelihood method (Raymond and Rousset 1995) . and predicted that Ester B1 will probably continue to increase until Þxation. However, this conclusion should be modulated because of the approximations used (panmixia over the whole Martinique island, constancy of selection pressure over time) as well as the still poor understanding of the factors that inßu-ence the evolution of resistance alleles at the Ester locus. Presence of target resistance (ace-1 R allele, and possibly, the duplicated ace-1 RS ) further complicate the situation because of epistatic interactions existing between esterase detoxiÞcation because of the Ester locus and insensitivity of the organophosphate target (Raymond et al. 1989) .
Esterase overproduction controlled by Ester B1 and Ester B2 alleles is caused by gene ampliÞcation (see Table 2 ). It has been shown that the level of gene ampliÞcation (i.e., number of gene copies) may vary considerably between laboratory strains (Guillemaud et al. 1999) or among insects of a same Þeld collection (Weill et al. 2000) for a given Ester resistance allele. This variation is presently thought to be caused by unequal recombinations, as is the production of composite new alleles among the offspring of heterozygotes (Wirth et al. 1990 , Berticat et al. 2001b ). The rate of unequal recombinations between Ester resistance alleles may be as high as 2% (Berticat et al. 2001b) , so that it is likely to play an important role in the evolution of this locus.
We have shown that the 1999 samples displayed signiÞcant resistance to permethrin, and there is evidence that genes conferring resistance to Bacillus sphaericus toxins are also present in Martinique from laboratory selections (J. R., unpublished results). Thus pyrethroids, or Bacillus sphaericus toxins, do not represent efÞcient long-term substitutes for control with OPs. However, relaxing OP selection pressure on Ester and ace-1 loci to favor susceptible alleles does seem critical. Implementing new control strategies is thus necessary, in addition to the work accomplished by the Martinique mosquito control teams for constantly improving the participation of the island population in limiting or destroying breeding sites shared by C. p. quinquefasciatus and the dengue vector Ae. aegypti. The stable zone strategy of Lenormand and Raymond (1998) might be particularly suitable in Martinique, where genes conferring resistance to a different insecticide families are already present. Brießy, this strategy is based on the antagonist role of selection and migration on the evolution of resistance; it consists of applying different insecticides in areas of a size such as gene ßow, combined with the Þtness cost of the resistance genes, will prevent the frequency of these alleles to reach high levels at equilibrium (see also Lenormand and Raymond, 1999) . Of course these actions must not interrupt other investigations: mosquito control teams should pursue their work in identifying a panel of presently available insecticides, and the scientiÞc community should continue to invest in identifying new and novel acting insecticides.
